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(57) ABSTRACT 

An improved calibration system for a receiver is con?gured 
to calibrate the I and Q paths to correct for gain mismatch 
and quadrature phase errors. In a preferred embodiment, the 
calibration system calibrates the I and Q paths by using a 
calibration signal and a reference signal coherently gener 
ated from the same single frequency source. The calibration 
signal is input into the receiver and propagated along the I 
and Q paths of the receiver simultaneously With a received 
signal. The reference signal coherently extracts the calibra 
tion signal from the I and Q paths. The resulting calibration 
signals include a component at Zero frequency that can be 

used to measure the phase and gain error. The calibration 

system is con?gured to adaptively calibrate the gain and 
phase error by iteratively measuring the gain and phase error 
and reducing it to the desired level or eliminating it alto 
gether. 

a local oscillator signal is generated at a ?rst frequency with frequency 
source 240 

_/ 1002 

i 
a calibration signal is generated at a second frequency with the local 

oscillator signal in calibration signal unit 208 

i 
the calibration signal is coupled with a received signal 

./ 1006 

l 
the coupled signals are input into conversion section 202 configured to 
frequency translate an input signal by the ?rst frequency and output an] 

and a Q output signal 

/./- 1008 

i 
the coupled signals are translated by the fnst frequency, wherein the 

calibration signal is translated to a third frequency 

i 
I and Q output signals are output from conversion section 202 

/./ 1012 

i 
a reference signal is generated at the third frequency with the local 
oscillator signal, wherein the reference signal has a coherent phase 

relationship with the calibration signal 

/./ 1014 

l 
the translated calibration signal is extracted from the l and Q output 

signals with the reference signal 

i 
the coherent components of the extracted signal are used to generate the 
correction values, CPU, j) and Cn(i, j), which are used to generate the 
phase and amplitude correction parameters, P(i+l, j) and B(i+l, j). 
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. . . . ' 902 

a calibration signal is generated at a ?rst frequency from a local / 
oscillator signal of receiver 102 

i 
the calibration signal is translated to a second frequency in conversion 

section 202 of receiver 102 

V 

a reference signal is generated at the second frequency from the same / 906 
local oscillator signal, wherein the reference signal has a coherent phase 

relationship with the calibration signal 

V 

908 
the translated calibration signal is extracted from an I and a Q output / 

signal of conversion section 202 with the reference signal 

V 

the coherent components of the extracted signal are used to generate the / 910 
correction values, C-P(i, j) and CB(i, j), which are used to generate the 
phase and amplitude correction parameters, P(i+1, j) and B(i+l, j). 
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a local oscillator signal is generated at a ?rst frequency with frequency / 1002 
source 240 

V 

a calibration signal is generated at a second frequency with the local / 1004 
oscillator signal in calibration signal unit 208 

V 

the calibration signal is coupled with a received signal 

the coupled signals are input into conversion section 202 con?gured to / 1008 
frequency translate an input signal by the ?rst frequency and output an I 

and a Q output signal 

V 

the coupled signals are translated by the ?rst frequency, wherein the / 1010 
calibration signal is translated to a third frequency 

V 

I and Q output signals are output from conversion section 202 

V 

a reference signal is generated at the third frequency with the local / 1014 
oscillator signal, wherein the reference signal has a coherent phase 

relationship with the calibration signal 

7 

the translated calibration signal is extracted from the I and Q output / 1016 
signals with the reference signal 

the coherent components of the extracted signal are used to generate the / 1018 
correction values, CP(i, j) and CB(i, j), which are used to generate the 
phase and amplitude correction parameters, P(i+1, j) and B(i+l, j). 
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SYSTEMS AND METHODS FOR COHERENT 
ADAPTIVE CALIBRATION IN A RECEIVER 

FIELD OF THE INVENTION 

[0001] The ?eld of the invention relates generally to 
Wireless communications, and more particularly to the 
coherent adaptive calibration of a Wireless receiver. 

BACKGROUND INFORMATION 

[0002] The proliferation of digital communications sys 
tems continues to drive the needs for loW cost, high perfor 
mance radio receivers. This has led to the development of 
direct conversion and complex digital intermediate fre 
quency (IF) receivers. Complex digital IF receivers gener 
ally include tWo stages. The ?rst stage converts a received 
signal to a complex digital signal at an intermediate fre 
quency Without the analog ?lters typically associated With a 
double doWn conversion receiver. The second stage converts 
the complex digital IF signal to a digital baseband data 
signal. Both direct conversion and complex IF double con 
version receivers implement a form of quadrature modula 
tion, typically processing a received radio frequency (RF) 
signal along in-phase (I) and quadrature (Q) pathWays. 
[0003] In an ideal situation, the signals in the I and Q paths 
Would have identical levels of gain and a phase offset of 
precisely 90°. HoWever, in practice these paths are not ideal. 
The electrical characteristics of each path can vary With 
respect to the other, typically due to deviations in the 
fabrication process. The gain, phase and direct current (DC) 
offset of the I and Q signals propagating through each path 
are individually affected by the speci?c electrical character 
istics of each path, as Well as variations in operating con 
ditions and drift in the frequency of the received RF signal. 
Any difference in the gain or phase betWeen the in-phase and 
quadrature signals is undesirable error, Which can prevent 
the information carried in those signals from being properly 
retrieved. 

[0004] Typical quadrature communication systems deal 
With the effects of corruption through the design of a 
receiver architecture that avoids these effects, such as the 
traditional double doWn conversion receiver or through the 
design of direct conversion and complex IF double conver 
sion receiver architectures that adhere to strict tolerances 
over a time and temperature range. The goal of these latter 
designs is to implement I and Q paths that are identical in 
gain and maintain a phase offset of 90° independent of the 
frequency of the received signal. An attempt to obtain this 
matched condition over time and temperature can require the 
addition of complex analog circuitry and the use of special 
iZed fabrication processes, both of Which add signi?cant 
time and cost to the development and production of com 
munication systems and still may not achieve the desired 
performance. 
[0005] Other conventional systems have attempted to alle 
viate gain error through non-coherent calibration techniques, 
Where a calibration signal is propagated along the I and Q 
paths of the receiver. The gain error is measured by squaring 
these I and Q signals. For example, the squaring of the 
in-phase signal generates a DC component having an ampli 
tude proportional to the amplitude of the in-phase calibration 
signal according to Well knoWn mathematical principles. 
HoWever, such non-coherent detection also results in the 
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generation of a series of unWanted DC components due to 
noise and interference present in the signals. The DC com 
ponents hamper any measurements made during the cali 
bration process and result in inaccurate measurements of the 
amplitudes of the I and Q signals. 

SUMMARY 

[0006] The systems and methods described herein provide 
for a calibration system con?gured to calibrate the I and Q 
paths of a receiver to correct for gain mismatch and quadra 
ture phase error. 

[0007] In a preferred embodiment, Which is described 
beloW as an example only and not to limit the invention, the 
calibration system coherently calibrates the I and Q paths by 
?rst coupling a calibration signal With a received Wireless 
signal, inputting the signals into the receiver and simulta 
neously translating and digitiZing the signals along the I and 
Q paths. The calibration signal and a coherent reference 
signal are generated from the same local oscillator frequency 
source in such a manner as to maintain their relative phase 
coherence after the calibration signal has been translated to 
the complex IF frequency. More speci?cally in this example, 
the reference signal is generated at a frequency, fcAL, that is 
equivalent to that of the translated and digitiZed calibration 
signal, so that the reference signal can phase coherently 
extract the calibration signal in the I and Q paths. The 
resulting coherently demodulated calibration signal may 
include a component at Zero frequency that can be used to 
measure the phase and gain error. 

[0008] The frequency of the calibration signal is prefer 
ably located in proximity to, but outside of, the bandWidth 
of the received signal of interest and alloWs the receiver to 
calibrate and receive a transmitted signal simultaneously. In 
another embodiment, the calibration signal can be located 
Within the bandWidth of the received signal. The calibration 
system can further include, if desired, a calibration mea 
surement unit that measures the gain and phase error present 
in the I and Q path signals and algorithmically generates a 
set of calibration parameters from these measurements. The 
system can further include a correction unit that applies the 
calibration parameters to the I and Q signals to correct both 
the gain and phase error present in the I and Q signals. 

[0009] In still another embodiment, the calibration system 
is con?gured to adaptively calibrate the receiver by itera 
tively measuring the gain and phase error. The calibration 
system can be con?gured to measure the error present in a 
pre-determined series of digital I and Q signal samples and 
generate calibration parameters corresponding to those 
samples. This adaptive calibration can compensate for time 
varying conditions Within the receiver and the operating 
environment. This process may be repeated until the error is 
reduced to the desired level or eliminated altogether. In this 
manner, the I and Q paths are calibrated to compensate for 
the gain and phase errors incurred by the translation and 
digitiZation processes. 

[0010] Other systems, methods, features and advantages 
of the invention Will be or Will become apparent to one With 
skill in the art upon examination of the folloWing ?gures and 
detailed description. It is intended that all such additional 
systems, methods, features and advantages be included 
Within this description, be Within the scope of the invention, 
and be protected by the accompanying claims. It is also 
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intended that the invention is not limited to the require the 
details of the example embodiments. 

BRIEF DESCRIPTION OF THE FIGURES 

[0011] The details of the invention, both as to its structure 
and operation, may be gleaned in part by study of the 
accompanying ?gures, in Which like reference numerals 
refer to like parts. The components in the ?gures are not 
necessarily to scale, emphasis instead being placed upon 
illustrating the principles of the invention. Moreover, all 
illustrations are intended to convey concepts, Where relative 
siZes, shapes and other detailed attributes may be illustrated 
schematically rather than literally or precisely. 

[0012] FIG. 1 is a schematic diagram depicting an 
example Wireless system. 

[0013] FIG. 2A is a schematic diagram depicting an 
embodiment of the calibration system Within an example 
receiver. 

[0014] FIG. 2B is a schematic diagram depicting an 
embodiment of the calibration system Within an example 
dual-band receiver. 

[0015] FIG. 3A is a poWer spectral density graph depict 
ing an example set of signals input to a receiver. 

[0016] FIG. 3B is a poWer spectral density graph depict 
ing an example set of signals output from a conversion 
section. 

[0017] FIG. 3C is a complex poWer spectral density graph 
depicting an example set of signals output from a receiver. 

[0018] FIG. 4 is a schematic diagram depicting the cali 
bration system integrated into an example receiver system. 

[0019] FIG. 5 is a schematic diagram depicting an 
example calibration signal unit. 

[0020] FIG. 6A is a schematic diagram depicting another 
example calibration signal unit. 

[0021] FIG. 6B is a schematic diagram depicting another 
example calibration signal unit. 

[0022] FIG. 7 is a schematic diagram depicting an 
example correction unit. 

[0023] FIG. 8 is a schematic diagram depicting an 
example calibration measurement unit. 

[0024] FIG. 9 is How chart depicting an example method 
of calibrating a receiver. 

[0025] FIG. 10 is How chart depicting another example 
method of calibrating a receiver. 

DETAILED DESCRIPTION 

[0026] The systems and methods described herein provide 
for the coherent adaptive calibration of the in-phase (I) and 
quadrature (Q) paths of a complex digital IF receiver in 
order to compensate for gain mismatch error and quadrature 
phase error incurred in the translation and digitiZation pro 
cesses. To do this, the amount of error in the I and Q paths 
is coherently measured using a calibration signal introduced 
at the input of the receiver and then, based on those 
measurements, the signals present in the I and Q paths are 
iteratively adjusted to compensate for those errors. This 
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process is repeated until the error is reduced to the desired 
level or eliminated altogether. In this manner, the I and Q 
paths are calibrated to compensate for the gain and phase 
errors incurred by the translation and digitiZation processes. 

[0027] More speci?cally, in the preferred embodiment, the 
calibration signal and a reference signal are generated from 
the same local oscillator frequency source located in the 
receiver. The calibration signal is coupled to the input of the 
receiver and is then translated and digitiZed With the 
received signal along the I and Q pathWays. The frequency 
of the calibration signal is preferably located in proximity to, 
but outside of, the bandWidth of the received signal of 
interest. In another embodiment, the calibration signal can 
be located Within the bandWidth of the received signal. As 
the calibration signal propagates along the I and Q paths it 
incurs substantially the same gain and phase errors as the 
received signal. 

[0028] The reference signal and the calibration signal are 
coherent because they are both generated from the same 
local oscillator frequency source. The reference signal is 
generated at a frequency equivalent to that of the calibration 
signal after translation. The reference signal is multiplied 
With the digitiZed I and Q signals and used to extract the 
calibration signal from the output of the I and Q paths. The 
multiplication of the reference and calibration signals cre 
ates a DC component that can be readily ?ltered and used to 
measure the gain mismatch and quadrature phase errors 
incurred by the I and Q paths. These gain and phase error 
measurements are then used to generate calibration param 
eters, Which adjust the I and Q path output signals to 
compensate for the gain and phase errors. 

[0029] The entire calibration process is preferably itera 
tive, so that the gain and phase errors are continuously 
measured and then, based on each neW measurement, the 
outputs of the I and Q paths can be adjusted to compensate 
for the gain and phase error. Accordingly, this calibration 
process alloWs the receiver to adapt to ?uctuations in 
temperature and operating conditions, as Well as drifts in 
frequency of the received signal. The operation and imple 
mentation of complex digital IF receivers are discussed at 
large in the currently pending patent application entitled 
“Complex-IF Digital Receiver,” Ser. No. 10/251,663 ?led 
on Sep. 20, 2002, Which is hereby incorporated for all 
purposes herein. 

[0030] Before describing the systems and methods for 
adaptive calibration in detail, it is necessary to brie?y 
describe an example environment in Which they can be used. 
The systems and methods for adaptive calibration can be 
implemented in any environment Where Wireless signals are 
transmitted and received, such as mobile telephony, Wireless 
internet, Wireless modem, satellite communication, Blue 
tooth, Wireless local area netWork (WLAN) and Wireless 
local loop (WLL) systems. One such example environment 
is shoWn in FIG. 1, Which depicts Wireless system 100 in an 
example Wireless modem environment. 

[0031] In this embodiment, Wireless system 100 includes 
receiver 102, transmitter 104, modem 106, antenna 108, 
duplexer 110, user interface 116 and user device 118. 
Wireless system 100 can be a multiple band system, con 
?gured to receive and transmit over multiple separate fre 
quency bands. For ease of discussion, Wireless system 100 
is depicted in a single band con?guration. Wireless system 
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100 operates in a typical fashion, for instance, When Wireless 
system 100 is in a receive state, antenna 108 receives a 
Wireless signal, S(f), and routes it to receiver 102 through 
duplexer 110. Within receiver 102, the received signal is 
converted to a digital in-phase (I) data signal 120 and 
quadrature (Q) data signal 130 and are output to modem 106. 

[0032] Control signals 112 and modem clock 114 facilitate 
the transfer of data betWeen receiver 102 and modem 106. 
Modem 106 processes the data received by receiver 102 and 
outputs it to user device 118 through user interface 116. User 
device 118 can be any device, such as a computer, headset, 
or any other device Which supplies data to or receives data 
from a modem. Conversely, When Wireless system 100 is in 
a transmit state, data is output from modem 106 to trans 
mitter 104, Where it is modulated and up-converted to a 
carrier frequency and output by antenna 108 through 
duplexer 110. 

[0033] FIG. 2A depicts calibration system 200 located 
Within an example single-band receiver 102. Receiver 102 is 
preferably a complex digital IF receiver, but can also be 
con?gured as a direct conversion or double-doWn conver 
sion receiver in other embodiments. In FIG. 2A, complex 
digital IF receiver 102 includes conversion section 202, 
coupler 212 and frequency synthesiZer 240. Frequency syn 
thesiZer 240 preferably generates a local oscillator (LO) 
signal, at a frequency offset from the received RF signal by 
the intermediate frequency, using VCO frequency or path 
command 250. In one embodiment, frequency synthesizer 
240 includes the receiver voltage-controlled oscillator 
(VCO) operating at the local oscillator frequency and phase 
locked loop (PLL). It should be noted that, in certain 
embodiments discussed herein, frequency synthesiZer 240 
operates at a higher frequency or an integer multiple fre 
quency of the local oscillator signal. 

[0034] Conversion section 202 performs translation and 
digitiZation processes on the received RF signal to output a 
complex digital IF signal. These processes can introduce 
much of the gain mismatch and quadrature phase errors that 
require calibration. Calibration system 200 is coupled With 
conversion section 202 and includes correction unit 204, 
calibration measurement unit 206 and calibration signal unit 
208. Calibration signal unit 208 uses a local oscillator signal 
generated by a local oscillator frequency source, exempli?ed 
in this embodiment by frequency synthesiZer 240, to gen 
erate the calibration signal and reference signal. The fre 
quency coef?cient 252 of the calibration signal is output to 
a memory for use in indexing the calibration measurements 
and parameters generated by calibration measurement unit 
206. This index identi?es the frequency channel, band, or 
region Which is being corrected. The indexing can be done 
by the frequency of the calibration signal, the frequency of 
the received signal, or any other value that facilitates the 
location and selection of the appropriate calibration param 
eter. The calibration signal is coupled With the received 
signal using coupler 212, and both are input to conversion 
section 202. 

[0035] Calibration system 200 iteratively corrects the gain 
and phase error in the digital samples XI[m] and XQ[m] With 
correction unit 204, Which is coupled to the output of 
conversion section 202. Correction unit 204 corrects the 
errors by applying a set of calibration parameters to the 
XI[m] and XQ[m] signals to generate a set of corrected 

Aug. 5, 2004 

signals, YI[m] and YQ[m]. The calibration parameters are 
generated by calibration measurement unit 206, Which mea 
sures the error in the corrected signals With the reference 
signal, or more speci?cally, in phase and quadrature com 
ponents of the reference signal, Sin_Cal[m] and Cos_Cal 

The component reference signals, Sin_Cal[m] and 
Cos_Cal[m], are derived from the reference signal and in 
this embodiment, the component reference signals have a 
quadrature phase offset. Calibration. measurement unit 206 
then uses these error measurements to algorithmically deter 
mine the calibration parameters. Before discussing calibra 
tion system 200 in detail, it is helpful to brie?y describe the 
operation of receiver 102. 

[0036] FIG. 3A depicts the tWo-sided poWer spectral 
density of the signals present at the input to conversion 
section 202, including the received RF carrier modulated 
signal, S(f) and the calibration signal, SO(f). S(f) includes 
signals S1(f), S2(f) and S3(f), each centered around center 
frequencies f1, f2 and f3, respectively. Each signal also has a 
corresponding image S‘1(f), S‘2(f) and S‘3(f). In this embodi 
ment, the signal of interest is S2(f). In this embodiment, the 
calibration signal is a double sideband signal With a high 
sideband and a loW sideband each centered around local 
oscillator frequency, fLO. Each sideband of the calibration 
signal is offset from fLO by the frequency fcAL, Which Will 
be discussed in more detail beloW. The calibration signal is 
preferably outside the bandWidth of the signal of interest so 
that calibration and operation of receiver 102 can occur 
simultaneously. While the calibration signal is outside the 
bandWidth it is preferably placed close to, or in proximity to, 
the bandWidth of the signal of interest in order to achieve the 
most accurate calibration possible. 

[0037] The local oscillator frequency, fLO, is the transla 
tion frequency of conversion section 202 and is derived from 
the frequency of frequency synthesiZer 240, Which can 
operate at fLO or a higher frequency. In embodiments Where 
frequency synthesiZer 240 operates at a higher frequency 
than fLO, the higher frequency is preferably an integer 
multiple of fLO. The frequency fLO is also preferably outside 
the bandWidth of the signal of interest, although it can also 
be Within the bandWidth if the receiver is not processing the 
receive signal during calibration. The speci?c frequency 
chosen for fLO depends on the individual application. For 
instance, in one embodiment, fLO is algorithmically derived 
from the frequency of the received signal. For more discus 
sion of the relationship betWeen the local oscillator and 
received signal frequencies, see the currently pending patent 
application entitled “Complex-IF Digital Receiver,” refer 
enced above. 

[0038] Referring to FIG. 2A, for applications Where the 
received signals are relatively small, conversion section 202 
can include loW noise ampli?er (LNA) 214 to amplify the 
input signal to a more robust signal level. In one embodi 
ment, a balun (not shoWn) placed betWeen coupler 212 and 
LNA214 can be included to convert the single-ended input 
signal to a differential format. After ampli?cation by LNA 
214, the differential ampli?ed signal is propagated onto the 
I and Q paths. The I path includes balanced mixer 216, 
analog-digital converter (ADC) 220 and decimation ?lter 
224, While the Q path includes balanced mixer 218, analog 
digital converter (ADC) 222 and decimation ?lter 226. 

[0039] Conversion section 202 also includes quadrature 
hybrid phase shifter 242. Phase shifter 242 shifts the phase 
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of the output of frequency synthesizer 240 to generate local 
oscillator (LO) signals at fLO With relative phase offsets of 0 
and 90 degrees. These LO signals provide the quadrature 
phase offset to the I and Q paths. In an embodiment Where 
phase shifter 242 operates digitally, frequency synthesiZer 
240 can generate an output signal at tWice the fLO frequency 
to facilitate the generation of the LO signals at fLO With the 
proper quadrature phase offset. 

[0040] On the I path, the differential ampli?ed signal is 
mixed With the 0° LO signal in mixer 216. From there, the 
mixed I path signal is input to analog-digital converter 220. 
Analog-digital converter 220 converts the I path signal from 
analog to digital format. In one embodiment, ADC 220 is a 
delta-sigma converter that converts the mixed analog signal 
to a digital output signal at a rate equal to or an integer 
multiple of the LO signal, or translation frequency. The 
digital signal is then ?ltered and decimated by decimation 
?lter 224 to form a high resolution, i.e. multi-bit, I path 
digital sample signal, XI[m], Where m is the sample index. 

[0041] The Q component signal folloWs a path similar to 
that of the I path. The Q signal is output from LNA214 and 
mixed With the 90° LO signal in mixer 218. The Q signal 
then passes through ADC 222 and decimation ?lter 226, and 
is output as the Q path digital sample signal, XQ[m]. As 
mentioned above, receiver 102 can also be implemented in 
a multiple band con?guration, the operation of Which Would 
be readily apparent to one of skill in the art. 

[0042] FIG. 2B depicts one embodiment of conversion 
section 202 in a dual-band con?guration. In this dual-band 
embodiment, calibration signal unit 208 generates the cali 
bration signal for each band based upon the frequency of the 
received signal in that band. Here, the high frequency band 
is coupled With the high frequency calibration signal at 
coupler 212 and routed to LNA214. The loW frequency band 
is coupled With the loW frequency calibration signal at 
coupler 232 and routed to LNA 234. Although not shoWn in 
this embodiment, each coupler 212 and 232 can be coupled 
With a balun con?gured to convert the single-ended signal to 
a differential format. Receiver 102 typically only receives on 
one band at any speci?c time and therefore, When receiver 
102 is receiving a high band signal, LNA 214 ampli?es the 
signal and outputs the I and Q components to mixers 216 and 
218. Conversely, When receiver 102 receives in the loW 
band, LNA 234 outputs the I and Q component signals to 
mixers 216 and 218. From there, the ampli?ed signals are 
propagated along the I and Q paths in a manner similar to 
that described above. 

[0043] FIG. 3B depicts the signals present at the output of 
conversion section 202 after translation and digitiZation. 
Here, all of the signals have been translated to the left by 
fLO, such that the calibration signal, SO(f), is centered around 
Zero, or DC and each of the center frequencies of S1(f), S2(f) 
and S3(f) are indicated by fl-fLo, f2-fLO and f3-fLO, respec 
tively. The negative frequency images S1‘, S2‘ and S3‘ have 
been translated to the left and are not shoWn. HoWever, if the 
I and Q paths have errors in gain and phase, an unWanted 
signal from the image frequency (not shoWn) Will be created 
after translation and can potentially interfere With the signal 
of interest. One of the purposes of calibration is to eliminate 
these unWanted signals. Also included but not shoWn are 
quantiZation noise, translated LNA thermal noise, and addi 
tional noise and harmonics introduced by delta-sigma con 
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verters 220 and 222. The noise and interference present at 
the output of conversion section 202 make isolation and 
extraction of the calibration signal dif?cult. A narroWband 
?lter is not suf?cient for isolation and extraction because 
drift in the frequency of the received signal can place the 
calibration signal outside the bandWidth of the narroWband 
?lter. The coherent reference signal tracks the frequency of 
the calibration signal and alleviates this difficulty. 

[0044] FIG. 4 depicts receiver 102 along With complex IF 
to baseband translation unit 222 and loWpass ?lters 250 and 
252. Complex IF to baseband translation unit 222 translates 
the I and Q path signals to a baseband frequency Which is 
preferably Zero. I and Q path loWpass ?lters 250 and 252 
?lter all signals outside of the bandWidth of the signal of 
interest. The output of these ?lters, I data signal 120 and Q 
data signal 130, are depicted in FIG. 3C. 

[0045] Due to the implementation and design of receiver 
102, it is not necessary for calibration system 200 to correct 
the DC offset error When the IF is set greater than half the 
tWo-sided bandWidth of the signal of interest. DC offset 
correction can be performed in accordance With the needs of 
the application, but any DC offset present after conversion 
section 202 can be eliminated Without algorithmic correction 
by using one of several different ?ltering methods. One such 
method includes narroWband ?ltering around the IF fre 
quency in complex IF to baseband translation unit 222, 
Which can eliminate DC components at very loW frequency. 
Also, loWpass ?ltering With loWpass ?lters 250 and 252 can 
also be used to eliminate DC components after these com 
ponents are translated aWay from DC during translation of 
the I and Q signals from IF to baseband. 

[0046] The reference signal and the calibration signal are 
generated by calibration signal unit 208. FIG. 5 depicts an 
example embodiment of calibration signal unit 208. In this 
embodiment, calibration signal unit 208 utiliZes the output 
of frequency synthesiZer 240 to generate the coherent digital 
reference signal and the corresponding component reference 
signals, Sin_Cal[m] and Cos_Cal[m], in addition to SO(f). 
By generating both the calibration and reference signals as 
Well as the LO signals all from the same frequency synthe 
siZer 240, calibration system 200 avoids creating the unde 
sirable harmonics and distortion that accompany systems 
that implement multiple independent oscillators. In addition, 
the use of only one frequency source is more poWer ef?cient 
than systems that operate With multiple frequency sources, 
such as both the transmitter and receiver local oscillators. 

[0047] In this embodiment, the oscillator signal generated 
by frequency synthesiZer 240 is generated at tWice the fLO 
frequency to facilitate the digital phase conversion by phase 
shifter 242. Frequency synthesiZer 240 outputs the digital 
oscillator signal to divide unit 502, Where the signal is 
divided by tWo to create a signal at fLO such that: 

fL0=f1=s/2 (1) 

[0048] Wherein: 

[0049] fLO is the center frequency of the calibration 
signal, SO(f); and 

[0050] fFS is the frequency of the oscillator signal of 
frequency synthesiZer 240. 

[0051] This signal is input to multiplier 504, Which is 
preferably a digital multiplier, and divide unit 506. Divide 
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unit 506 and divide unit 508 divide the fLO signal by M, 
Where M=M1 M2. M is preferably chosen to place the 
sidebands of the calibration signal in proximity to, but 
outside of the bandWidth of the received signal of interest as 
depicted in FIGS. 3A and 3B. 

[0052] In one embodiment, M1 and M2 are integers, Where 
M1 is chosen to substantially equal the decimation ratio of 
decimation ?lters 224 and 226 and M2 is chosen to place the 
sideband at the desired frequency. Multiplier 504 multiplies 
the output of divide unit 508 With the fLO signal to generate 
the calibration signal, SO(f). Each sideband of SO(f) is offset 
from fLO by fcAL, Which is given by: 

f CAL=f LO/ M (2) 

[0053] Each component reference signal is generated at 
fcAL, Which, as described above, is fLO divided by M. The 
output of divide unit 506 is input to divide unit 510 Where 
it is divided by M3. The output of divide unit 510 is input to 
divide unit 512 Where it is divided by 2 and used to generate 
the quadrature component reference signals Sin_Cal[m] and 
Cos_Cal[m]. 
[0054] The component reference signals are preferably 
generated as square Waves With a relative phase offset of 
substantially 90° betWeen them. Square Waves are relatively 
simple to generate and require less poWer to generate than 
sinusoidal or other Waveforms. HoWever, any Waveform, 
such as a sineWave, can alternatively be used in accordance 
With the needs of the application. Any higher harmonics 
generated in the reference signal path can be ?ltered With a 
loWpass ?lter if desired. Because all the signals are derived 
from the same frequency synthesiZer 240, they Will track 
each other, i.e., any drift in fLO Will affect both the compo 
nent reference signals and the calibration signal in the same 
manner: thus, maintaining their phase coherency. This 
coherency alloWs the extraction of the calibration signal 
from the surrounding noise and harmonics present at the 
output of conversion section 202. 

[0055] In this embodiment, M3 is chosen so that M3=2 M2 
in order to facilitate the generation of the quadrature com 
ponent reference signals. Divide unit 512 can be imple 
mented With a divisor of 4 instead of 2, in Which case the 90 
degree phase offset betWeen the tWo component reference 
signals could be generated by using only the rising edge of 
the input signal. HoWever, this Would require the input 
signal to operate at tWice the frequency than in the current 
embodiment. The divisor of 2 used in divide unit 512 
requires both the rising and falling edges of the input signal 
be used to generate the phase offset, in Which case a 
sufficiently symmetrical input signal is desired to generate 
the proper phase offset. 

[0056] FIGS. 6A-B depict tWo embodiments of calibration 
signal unit 208 using D ?ip-?ops to generate the reference 
signal. In the preferred embodiment depicted in FIG. 6A, 
calibration signal unit 208 includes divide unit 512, Which 
divides the output of divide unit 508 by 4 to generate the 
square Wave component reference signals. Divide unit 512 
also delays the output of the component reference signals to 
coincide With the propagation of the calibration signal 
through conversion section 202. FIG. 6B depicts another 
embodiment of calibration signal unit 208 Where divide unit 
512 divides the output of divide unit 508 by 2 and delays the 
output of the component reference signals so that the m 
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sample of the reference signals coincides With that of the 
translated and digitiZed calibration signal. One of skill in the 
art Will readily recogniZe that these embodiments can be 
implemented With programmable logic to alloW the value of 
M2 to be programmed according to the needs of the appli 
cation. 

[0057] Referring back to FIG. 2A, any gain and phase 
errors present in XI[m] and XQ[m] are corrected With 
correction unit 204. FIG. 7 depicts an eXample embodiment 
of correction unit 204. I and Q output signals XI[m] and 
XQ[m] are input to correction unit 204 and output as phase 
and gain corrected signals YI[m] and YQ[m]. As mentioned 
above, it is not necessary to correct for the DC offset because 
of the design of receiver 102 and accordingly, only the gain 
and phase error are corrected With correction unit 204. 
Within correction unit 204, the phase error is preferably 
corrected prior to correcting the gain error. Correcting the 
error in this order alloWs the calibration system 200 to 
operate at a faster rate. Phase correction can alter the 
amplitude of the signal being corrected and any amplitude 
correction performed prior to phase correction can be lost. 
Conversely, in this embodiment of correction unit 204 the 
amplitude correction does not have a substantial effect on the 
phase correction and therefore, correcting the phase ?rst 
alloWs the iterative correction of both phase and amplitude 
to converge to the desired level at a faster rate. In another 
embodiment, phase and amplitude correction are performed 
concurrently. 

[0058] In the embodiment illustrated in FIG. 7, the I 
signal sample, XI[m], is input to multiplier 702 Where, for 
the i-th iteration, it is multiplied by a phase correction 
parameter, P(i, The j-th parameter identi?es the frequency 
channel, band, or region Which is being corrected. The 
product output from multiplier 702 is then summed With the 
Q signal sample, XQ[m], by summer 704. The summed 
signal is then input to multiplier 706 Where it is multiplied 
With a gain correction parameter, [3(i, j), Which is also 
discussed in more detail beloW. The resulting product, 
YQ[m], is a phase and gain corrected version of XQ[m] and 
is gain balanced and in quadrature With YI[m]. The outputs 
of correction unit 204 are given by: 

[0060] [3(i, is the value of the i-th gain calibration 
parameter for the in-phase path at the j-th frequency 
of the calibration signal; 

[0061] P(i, is the value of the i-th phase calibration 
parameter for the quadrature path at the j-th fre 
quency of the calibration signal. 

[0062] In this embodiment, the signals XI[m] and YI[m] 
are substantially the same because the phase and error 
corrections are made only to XQ[m]. In this manner, the 
phase and gain of XQ[m] are adjusted relative to The 
phase of XQ[m] is corrected to bring it closer to a 90° phase 
offset from XI[m] and the amplitude of XQ[m] is adjusted to 
bring it closer to the amplitude of The selection of 
Which signal to adjust is dependent upon the needs of the 
application. Calibration system 200 can be readily recon 
?gured so that XI[m] is corrected relative to XQ[m]. 
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[0063] Calibration measurement unit 206 is coupled With 
correction unit 204 and coherently measures the gain and 
phase error present in the corrected signals YI[m] and 
YQ[m]. Calibration system 200 operates iteratively because 
any one correction of a sample of XI[m] and XQ[m] may not 
reduce the gain and phase error to the desired level. The 
error present in the corrected signals YI[m] and YQ[m] is 
measured and used to determine the calibration parameters 
for the neXt iteration. 

[0064] FIG. 8 depicts an eXample embodiment of calibra 
tion measurement unit 206. Calibration measurement unit 
206 takes error measurements, C|5(i, and CP(i, and 
algorithmically generates the calibration parameters With 
calibration parameter unit 834. In this embodiment, YI[m] 
and YQ[m] are ?ltered by loW-pass pre?lters 802 and 804 
respectively, Which have cutoff frequencies marginally 
greater than the frequency of the calibration signal, fcAL. 
Filters 802 and 804 can be any ?lter With frequency attenu 
ation suitable for the needs of the application, including a 
loW-pass or a band-pass ?lter. In one embodiment, ?lters 
802 and 804 are loW-pass ?lters With a single sided band 
Width greater than |fcAL| and With suf?cient attenuation to 
reject frequencies above 2 |fcAL|. The amount of rejection of 
these frequencies is dependent on the level of image rejec 
tion desired in the application and the level of spurious 
harmonics created from the calibration signal. One of skill 
in the art Will readily recogniZe other embodiments Where 
?lters 802 and 804 are not utiliZed. 

[0065] YI[m] and YQ[m] both contain the translated and 
digitiZed calibration signal at fcAL. Calibration measure 
ment unit 206 coherently extracts the calibration signal by 
multiplying YI[m] and YQ[m] With the component reference 
signals, Which are also operating at fcAL. The pre?ltering 
ensures that the signal of interest, S2(f), as Well as unWanted 
interference and harmonics, are not multiplied With any 
upper harmonics present in the reference path. The I path 
?ltered signal is then multiplied With the Cos_cal[m] and the 
Sin_cal[m] reference signals at multipliers 806 and 808, 
respectively, While the Q path ?ltered signal is multiplied 
With the Sin_cal[m] and the Cos_cal[m] reference signals at 
multipliers 810 and 812, respectively. The multiplication of 
these various signals eXtracts the calibration signal and 
creates DC components that are frequency independent and 
can be used to measure the gain and phase error present in 
the I and Q signals. Because of this, calibration measure 
ment unit 206 does not need scale accuracy, but preferably 
has a stable Zero frequency reference point to alloW accurate 
generation of the DC component. Preferably, the reference 
signal m sample is generated during the same sampling time 
(T5) as the I and Q path ?ltered signal m sample. The use of 
the same corresponding m samples Will obtain the most 
accurate calibration. 

[0066] The calibration measurement process can be per 
formed using any number of I and Q signal samples depend 
ing on the level of accuracy required as Well as the speed of 
Wireless system 100. In many embodiments, calibration is 
performed using a pre-determined series of samples, e.g., 
one calibration measurement is taken for a series of tWo or 

more samples of YI[m] and YQ[m]. This sacri?ces some 
resolution in eXchange for reliability in the calibration 
process as individual samples are more subject to short-lived 
deviations created by such variables as noise and poWer 
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spikes. The length of the series is dependent upon the needs 
of the application and can be ?Xed or programmable as 
desired. 

[0067] The products of the I and Q path signals are then 
summed by summation units 818-824. In this embodiment, 
summation units 818-824 are digital integrate and dump 
?lters. These may be implemented With loWpass ?lters such 
as ?nite impulse response (FIR) or in?nite impulse response 
(IIR) ?lters, preferably With a single sided bandWidth greater 
than |fcAL| and With suf?cient attenuation to reject frequen 
cies above 2 |fcAL|. In addition, any DC component present 
in YI[m] and YQ[m] is multiplied to a multiple of fCAL by 
multipliers 806-812 and can then be ?ltered by summation 
units 818-824. In the preferred embodiment, summation 
units 818-824 are reset after every ?ltering and summation 
operation. In other embodiments, summation units 818-824 
can also be analog or digital integrators or other summing 
logic. In this embodiment, the output of multiplier 806 is 
coupled With integrator 818 and generates UI(i, Multipli 
ers 808, 810 and 812 are coupled With summation units 820, 
822 and 824, and generate VI(i, j), VQ(i, and UQ(i, j), 
respectively. UI(i, j), VI(i, j), VQ(i, and UQ(i, are given 
by: 

[0068] Wherein: 
[0069] k is the ?rst sample in the summation; 
[0070] K is the number of samples in the measure 

ment Which starts at m=k. 

[0071] UI(i, j), VI(i, j), VQ(i, and UQ(i, are then input 
to measurement unit 828, Which calculates the value of the 

gain and phase error measurements, C62 (i, and CP(i, CB(i, and CP(i, are given by: 

C60} J')=UI(i, D-UQOE D-VIOE D-VQU, 1') (9) 
CPO-7 j)=(UI(l-7 DUQQ] j))+(vr(iy DVQO] (10) 

[0072] Wherein: 
[0073] CB(i, is the value of the i-th gain measure 

ment at the j-th frequency of the calibration signal; 

[0074] CP(i, is the value of the i-th phase measure 
ment at the j-th frequency of the calibration signal; 

[0075] k is the ?rst sample in the summation; 
[0076] K is the number of samples in the measure 

ment Which starts at m=k. 

[0077] The folloWing eXample embodiment illustrates the 
operation of calibration measurement unit 206. In this 
embodiment, the calibration signal is given by: 
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[0078] wherein: 

[0079] (no is the frequency of the calibration signal in 
radians; 

[0080] q) is the phase of the calibration signal in 
radians; and 

[0081] A is the voltage amplitude of the calibration 
signal. 

[0082] After translation by fLO, digitiZation and decima 
tion ?ltering by conversion section 202, the resulting output 
signals of loW-pass ?lters 802 and 804 in calibration mea 
surement unit 206 are given by: 

[0084] GI is the I path gain from the output of coupler 
212 to output 830 of loW-pass ?lter 802; 

[0085] BI is the I path phase shift from the output of 
coupler 212 to output 830 of loW-pass ?lter 802; 

[0086] GQ is the Q path gain from the output of 
coupler 212 to output 832 of loW-pass ?lter 804; 

[0087] 0Q is the Q path phase shift from the output of 
coupler 212 to output 832 of loW-pass ?lter 804; 

[0088] (nLO is the frequency fLO in radians, Where 
uuLO=2rc fLO; and 

[0089] TS is the sampling time of ADCs 220 and 222. 

[0090] After translation by (nLO, the sidebands of the 
calibration signal are at uucAL, and the outputs of multipliers 
806, 808, 810 and 812 in calibration measurement unit 206 
are given by: 
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-continued 

[0091] Wherein: 

[0092] uucAL is the frequency fCAL in radians. 

[0093] Summation units 818, 820, 822 and 824 ?lter out 
the 2 uucAL component, and the respective outputs to are 
given by: 

UI[m]=LoW Pass ?ltered version of Z1,806[m]=A GI W 

[0094] Wherein: 

[0095] W is the composite gain of multipliers 806 
812 and summation units 818-824. 

[0096] These signals are then input to output measurement 
unit 828, Where the gain error and phase error measurements 
are generated. The gain error measurement from equation 
(9) is given by: 

[0097] When there is no quadrature phase error, i.e., 
0I=0Q, then 

[0098] The value of the gain error measurement, C|5(i+1, 
j), can be Zero if at least one of tWo conditions occur. First, 
When either the amplitude of the I path signal is the same as 
the amplitude of the Q path signal, i.e., GI=GQ, or second, 

[0099] Which occurs When (¢+0,) equals 135°, 225 ° or 
these values plus multiples of 360°. This second condition is 
not likely to eXist. HoWever, in the event that this second 
condition does eXist, a phase shift of 180° can be added to 
the reference signal in calibration signal unit 208 to correct 
for it. 






